Introduction
Next generation air transportation systems will achieve high levels of efficiency and safety that will require major improvements in communications capacity and performance. In order to enable a safe and reliable airport surface communications network, development and test programs as well as the development of technical standards are being undertaken. This includes a test facility now in operation at the Cleveland Hopkins International Airport and the adjacent NASA Glenn Research Center (GRC) known as the Cleveland CNS Testbed. The testbed includes a prototype airport surface wireless communications network based on the IEEE 802.16e standard, known as Aeronautical Mobile Airport Communications System (AeroMACS) [1] .
The AeroMACS system is envisioned as a wireless network covering all areas of the airport surface and, if necessary, areas beyond where facilities and equipment might need to be located. The system would accommodate all mobile communications requirements including parked and taxiing aircraft, various types of ground vehicles, and personnel as well as connection to fixed assets related to airport safety requirements (such as surveillance and navigation aids, weather sensors, and communications stations).
AeroMACS is intended to operate in the 5091-5150 MHz frequency region within C-band. It is essential that the AeroMACS service does not interfere with other users in this band. In particular, the allocation of the 5091-5150 MHz band to the Earth-to-space fixed-satellite service (FSS), limited to feeder links of non-geostationary satellite systems in the mobile-satellite service (MSS), will restrict the power levels that will be allowed for AeroMACS networks. This investigation is focused on helping to establish practical limits on AeroMACS transmissions from airports so that the threshold of interference into MSS feeder links is not exceeded. This threshold interference power level at low earth orbit (LEO) has been established at -157.3 dBW corresponding to a 2% increase of an MSS satellite receiver's noise temperature [2] .
Previously, the interference power distribution at LEO from AeroMACS transmitters at the 497 major airports in the contiguous United States was simulated with the Visualyse Professional software [3] . The results were shown to agree closely with those of a previous study by MITRE-CAASD [4] . Both omni-directional and sectoral antennas were modeled and 5 MHz and 10 MHz channels were considered with a center frequency of 5100 MHz.
In this study, the effect of the antenna gain profile on interference power is investigated and the accuracy of the model is improved by including a profile based on measured data. It is assumed that the channel bandwidth is 5 MHz centered at 5100 MHz. The effect of the inhomogeneous distribution of airports will be examined by comparing with a case with the airports evenly distributed. Also the B3-2 dependence of the interference power on the number of antenna beams and their directions at the airports will be simulated.
Analysis
The interference modeling was performed with Visualyse Professional Version 7 software from Transfinite Systems Limited [5] . Details of using this software were provided in [6] with the modeling procedure summarized by the following seven steps:
1. Define antenna gain dependence on azimuthal and elevation angles. As in the MITRE-CAASD model [4] , the original NASA model [3] assumed a worst case scenario with the antenna transmit gain pattern corresponding to peak side-lobe levels as specified by ITU [7] with the transmitters on 100% of the time. A more recent European model [8] differs in that it assumes average side-lobe levels for the antenna gain profile which is the distribution recommended by ITU [7] for modeling the effects of a large number of antennas. With an assumption that the beamwidth is 120 0 , the antenna gains versus elevation and azimuth angles for the two models are shown in Figures 1 and  2 respectively.
After the modeling was finished with the ITU-R peak and average side lobe antenna gain distributions, the measured gain distribution for the AeroMACS antennas became available from the manufacturer Alvarion [9] . A measurement-based gain profile was established by sampling the 5100 MHz data every five degrees and is also shown in Figures 1 and 2 . Figure 1 shows that the average side lobe model is a much better fit than the peak side lobe model. Figure 2 shows that there is considerable difference between the measured gains versus azimuthal angle from both of the models because the measured beamwidth is 80 0 while the previous models assumed a 120 0 beamwidth. The measured gain profile will be used in this investigation for improved accuracy. 
Results

(A) Dependence of Interference Power Distribution Profile on Antenna Gain Profile
The three antenna gain profiles (ITU-R Peak Side Lobe, ITU-R Average Side Lobe, and Measurement-Derived) were modeled for each beam and it was assumed that each of the 497 airports in the USA model utilized three beams. The beams were oriented 120 degrees from each other and the directions were randomized among the airports with representative randomizations shown in Figure 3 . This orientation is referred to as Case 3.
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Figure 3. Beam Orientations for Case 3
Ten runs were performed with different randomizations for each profile and the average maximum interference powers were recorded. It was assumed that each beam transmits -8.7 dBW (135 mW) of power. Figures 4, 5 , and 6 show the resulting cumulative interference power for the peak side lobe, average side lobe, and measurementderived gain profiles respectively for the Case 3 beam orientation. The scale for these and the following cumulative interference power figures is in dBW. The maximum interference power is -155.2 dBW for the peak side lobe case and -156.9 dBW for both the average side-lobe case and the measurement-derived case. Thus to be at or below the -157.3 dBW threshold everywhere, the transmitted power at each beam for the peak side lobe case needs to be decreased to -8. 
B3-4 (B) Dependence of Interference Power Distribution Profile on Station Distribution
In order to understand the effect of the inhomogeneous distribution of US airports, a hypothetical case in which the 497 stations are evenly distributed over the contiguous United States was modeled as shown in Figure 7 . The measurementderived antenna gain profile is used in this and all succeeding calculations. The maximum interference power is -157.9 dBW. Thus to get below the -157.3 dBW threshold everywhere, the transmitted power for each beam needs to be decreased to -8.7 -(157.3-157.9) = -8.1 dBW = 21.9 dBm = 155 mW. This is 32 mW higher than with the real airport distribution. By spreading out the transmission sources, the cumulative power is less focused on the hot spot over northern Canada. For each run of the one-beam case, the maximum cumulative interference power at LEO altitude is obtained.
For example in the run corresponding to Figure 11 , this value is -161.4 dBW which occurs at latitude 67 0 N and longitude 105 0 W in northern Canada (all the runs for each of these cases result in a maximum cumulative interference power in northern Canada). The transmitted power that would result in the maximum cumulative interference power being equal to the threshold value of -157.3 dBW is calculated as -8.7 dBW -157.3 dBW -(-161.4 dBW) = -4.6 dBW = 343.7 mW. This value along with those corresponding to the nineteen other one-beam runs is plotted as Case 1 in Figure 15 . Similarly, the total power transmitted at each airport to provide a maximum cumulative interference power of -157.3 dBW is shown in Figure  15 for the two-beam(180 0 ) case (Case 2a), two-beam (120 0 ) case (Case 2b), three-beam case (Case 3), and four-beam case (Case 4). It is seen that the variation between runs decreases as the number of beams per airport increases from one to four and the radiation pattern becomes more symmetrical.
The results of Figure 15 are summarized in Table 1 . For the twenty runs of each case, the table shows the average power and minimum power needed to reach the threshold cumulative interference power value of -157.3 dBW. Also shown is the standard deviation σ, the average power value minus 2σ, and the average value minus 3σ. If we assume a normal distribution, these last two rows indicate that for a given random run, there is less than a 2.3% probability and less than a 0.2% probability that the value will fall below these respective values. 
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(D) Dependence of Interference Power Distribution Profile on Airport Size
Although there is a very large difference in size and power requirements among the 497 airports in this study, in the previous scenarios it was assumed that each transmitted an equivalent power. In order to provide a more realistic model, here the airports are divided into four size categories based on the number of passenger boardings in calendar year 2009 [10] . The ten largest airports had more than 18 million passenger boardings and are designated 'very large' airports. Each very large airport is modeled with four beams. The next largest 18 airports had between 8 and 18 million boardings and are designated as 'large' airports and modeled with three 
Figure 16. Beam Orientations for Case 5
The airport-averaged transmitted power is defined as the total power transmitted divided by the number of airports, 497. For each of twenty runs with randomized orientations, the airport-averaged transmitted power that would result in the maximum cumulative interference power being equal to the threshold value of -157.3 dBW is shown in Figure 15 and the corresponding statistics are shown in Table 1 . The average number of beams at an airport is 1.199, so for a power value in Figure 15 and Table 1 , the power transmitted by an individual airport is equal to the airport-averaged transmitted power multiplied by the number of beams and divided by 1.199 . For example, in the run with the minimum airportaveraged transmitted power of 327.3 mW, the 'very large' airports transmit 327.3*4/1.199 = 1091.9 mW, the 'large' airports transmit 327.3*3/1.199 = 818.9 mW, the 'medium' airports transmit 327.3*2/1.199 = 546.0 mW, and the 'small' airports transmit 327.3/1.199 = 273.0 mW.
From Figure 15 , it is seen that the variation in the runs is less than in the one-beam scenario of Case 1, but more than the two-beam scenarios of Cases 2 and 3. This is to be expected since the average number of beams per airport is 1.199. The B3-7 cumulative interference power for a sample run with all beams transmitting -8.7 dBW is shown in Figure 17 . 
(E) Dependence of Interference Power Distribution Profile on Semi-Randomized Beam Orientation
The previous simulations have all assumed that the beam directions at each airport are randomly oriented. However since aircraft stability is enhanced when takeoff and landing are into the wind, runways are preferentially directed along the prevailing wind direction. In the continental United States this is generally from the southwest quadrant. In this section, an extreme case is modeled in which it is assumed that all the runways are oriented from the SW to the NE quadrant with half the base station antenna beams directed into the SW quadrant and half into the NE quadrant. In this case, referred to as Case 6, each airport has two beams separated by 180 0 as in Case 2a. The directions within the SW-NE quadrants are randomly oriented with representative directions shown in Figure 18 . This is an extreme case since not all runways are oriented in the SW-NE quadrants and not all base station beams will be directed along the runways; instead it is meant to serve as a bound for the lower limit of permissible transmit power per airport. It is expected that the future AeroMACS architecture will lie somewhere between the random orientations of the previous section and this semi-random orientation scenario.
Figure 18. Beam Orientations for Case 6
Twenty runs were simulated, with a representative cumulative interference distribution shown in Figure 19 . The 'hot spot' is now located over the Pacific Ocean west of Mexico instead of over northern Canada as in the random orientation cases in the previous section. The secondary 'hot spot' is over the northern Atlantic Ocean. The average transmitted power per airport to reach the threshold interference level at LEO is 176.2 mW, 47.7% of the value for the corresponding random case, Case 2a. The worst run would allow only 151.3 mW to be transmitted per airport, 44.1% of that for the worst run of Case 2a. This should serve as a low level bound for allowable power to be transmitted per airport. In other words, the results suggest that there should be virtually no chance of causing interference at or above the threshold level if transmitted power is limited to less than 150 mW per airport. The limit per airport could be significantly higher, depending on the randomness of the antenna beam directions. 
Conclusions
The effect of the AeroMACS base station antenna gain profile on cumulative interference power at the Low Earth Orbit (LEO) altitude was computationally investigated with the software package Visualyse Professional Version 7. It was assumed that base stations exists at each of the 497 major airports in the contiguous United States and each transmits over a single 5 MHz channel centered at 5100 MHz at all times. With the gain pattern based on experimental measurement, the number of beams at each base station was varied from one to four. For each case, twenty runs were simulated with different random orientations of the antenna beams and for each run, the transmitted power required to reach the threshold value was calculated. It was found that the average power that could be transmitted at each airport was about the same for each case and ranged from 364 -370 mW. However the variation among runs was large for asymmetric antenna gain patterns and small for symmetric patterns. The worst case scenario is for a single beam at each airport and allows up to 313.6 mW to be transmitted at each airport.
In a more realistic model, the airports were divided into four size categories based on the number of passenger boardings in calendar year 2009. 'Very large', 'large', 'medium', and 'small' airports were modeled with four, three, two, and one beams respectively. Of the twenty runs with random antenna direction orientations, the worst case allowed an average airport transmission power of up to 327.3 mW to reach the threshold cumulative interference power at the Globalstar orbit. Assuming a normal distribution, the simulations indicated that there is less than a 0.2% probability that the interference threshold value will be exceeded if the average transmission power per airport is 322.5 mW.
In all, twenty runs were simulated with each of six scenarios of base station antenna configurations with random beam direction orientations. For the 100 runs with equal power being transmitted at each airport, the worst case run allowed up to 313.6 mW to be transmitted at each airport before the cumulative threshold interference power is reached. In the scenario in which the larger airports are allowed to transmit more power, the worst case of 20 runs allowed up to an average of 327.3 mW per airport to be transmitted. This included the ten 'very large' airports transmitting up to 1091.9 mW each. It should be reiterated that the transmitted power is equal to the transmitter power minus the cable/line loss which is typically on the order of 1 dB and that the simulations assume the transmissions occur 100% of the time.
Because it is expected that the AeroMACS antenna beam directions will not be completely random, a semi-random case was modeled and examined. This extreme case assumed that half the base station antenna beams are randomly directed into the SW quadrant and half into the NE quadrant. This is a scenario that gives a much more concentrated cumulative interference power distribution than can be expected in future AeroMACS architectures and serves as a bound for the lower limit of permissible transmit power per airport. It is expected that the future AeroMACS architecture will lie somewhere between the random orientations of the random and semi-random scenarios. Twenty runs were submitted for this case and the worst run allows only 151.3 mW to be transmitted per airport before the threshold cumulative interference power limit is reached. This value is only 44.1% of the corresponding random case. The large difference indicates that the actual positioning of the AeroMACS antenna beam directions and their degree of randomness will have a large effect on the allowable transmitted power per airport. The results suggest that in a very bad scenario in which all antenna beams are directed into two quadrants, at least 150 mW in each channel can be transmitted at each airport while more optimal random beam orientations will allow more than 300 mW per channel.
Since the 5091-5150 MHz frequency band provides for up to eleven channels available to AeroMACS [11] , considerable capacity should be available without interfering with Mobile Satellite Service feeder uplinks.
The simulations do not include subscriber effects which are planned to be incorporated in a future study.
